strength of the medium, and it is not metabolized. Its osmoprotective ability was as potent as that of glycine betaine. The ProP and ProU systems are both involved in ectoine uptake and accumulation in E. coli. ProP being the main system for ectoine transport. The intracellular ectoine pool is regulated by both influx and efflux systems.
Most living cells have to adapt, within limits, to fluctuations in the osmotic strength of their milieu. Their ability to proliferate in a given habitat is strictly dependent on their ability to maintain an internal osmotic pressure higher than that of the surrounding medium. This results in turgor pressure, which is thought to provide the mechanical force necessary for cell elongation (8, 9) .
Many species of bacteria respond to increased osmotic pressure in the medium by accumulating low-molecularweight solutes to high intracellular concentrations (24, 47) . These solutes not only balance external osmolytes so that cell turgor is maintained; they must also be compatible with the function of intracellular enzymes. The primary response to osmotic stress in Escherichia coli is the accumulation of K+, together with a concomitant increase in the glutamate concentration in the cytoplasm (11) . The intracellular concentration of K+ has been found to be nearly proportional to the osmolarity of the growth medium (12, 13) .
As a secondary response to osmotic stress, microorganisms accumulate large amounts of osmotically active solutes, such as amino acids and their derivatives (1, 5, 33, 42, 44) and carbohydrates (22, 39) . These are called compatible solutes and can be substituted for potassium glutamate (11, 45) . They can be accumulated by the bacteria by de novo synthesis or by transport from the culture medium. In E. coli, the best-studied osmoprotectants are trehalose and glycine betaine.
The synthesis of internal trehalose in E. coli in response to high osmolarity has been studied in detail on a genetic and biochemical level (11, 18) , although trehalose serves as a carbon source at both high and low osmolarity (4) .
The second important osmoprotective compound accumulated by E. coli under conditions of hyperosmolarity is glycine betaine. Accumulation can be achieved directly by active uptake of betaine or by synthesis from exogenously supplied choline. The osmotically stimulated synthesis of glycine betaine confers high levels of osmotic tolerance to cells grown in media of inhibitory osmolarity (26, 43) . The * Corresponding author. synthesis of glycine betaine from choline is a function of the Bet system activities, including the choline high-affinity transport system, choline dehydrogenase, and betaine aldehyde dehydrogenase (43) .
E. coli has three independent proline transport systems, PutP, ProP, and ProU. The PutP system is required for the transport of proline when this metabolite is used as a carbon or nitrogen source; this system is not involved in osmoregulation (21) . The other two systems, ProP and ProU, are responsible for the accumulation of proline and glycine betaine to high levels and hence allow the cells to cope with conditions of hyperosmotic stress (6, 31) . proP encodes a constitutive, low-affinity transport system whose expression is stimulated severalfold during osmotic shock (6, 31) ; proU encodes a binding-protein-dependent high-affinity transport system whose transcription is induced by elevated osmolarity in vivo (3) and by potassium glutamate in vitro (38) . proU is an operon composed of three genes, proV, proW, and proX (10, 20) . The product of proX is a periplasmic protein shown to be a glycine betaine-binding protein; the proV and proW products are considered to be membrane associated and integral membrane components of the transport system. ProP and ProU are regulated at the level of transport activity (6) and also at the transcriptional level (6, 19, 31, 45) .
All these studies were devoted to osmoregulation in E. coli; they were limited to the effect of the well-known osmoprotectants proline and glycine betaine. In other microorganisms, most of the studies were also concerned with the osmoprotective effect of glycine betaine, but recent work on halotolerant bacteria resulted in the characterization of new osmoprotective compounds (for review, see reference 9). Among them, ectoine was accumulated by the phototrophic bacterium Ectothiorhodospira halochloris (15) (16) (17) 46) To analyze the osmoprotective capacity of ectoine in E. coli, the growth rate and the growth yield were determined in media of increasing osmolarity. The osmotic inhibition of growth was relieved by the addition of 1 mM ectoine to the medium; the reversal of salt stress was more effective as the osmotic strength increased (Fig. 1) . After a lag time, which increased with the osmolarity of the medium, ectoine was able to restore growth in media of high osmolarity (up to 1 M NaCl).
When the osmolarity of the medium was raised with sucrose or KCl, added at concentrations osmotically equivalent to 0.7 M NaCl, the growth of MC4100 was enhanced to a similar extent by ectoine. Thus, ectoine reverses osmotic inhibition of growth, and not only salt inhibition. When we compare glycine betaine and ectoine for their ability to promote MC4100 growth at high osmolarity, ectoine is as proficient as glycine betaine for all salt concentrations tested.
We tested the influence of the ectoine concentration on its ability to stimulate growth in media containing 0.7 M NaCl. A weak response to ectoine was noted at concentrations as low as 1 p,M; its effect increased with its concentration in the medium (Fig. 2) . A 0.1 mM concentration of ectoine gave maximal stimulation of growth (Fig. 2) and did not modify growth in media deprived of NaCl.
Osmoprotective effect of ectoine is manifested only in proP+ or proU+ strains. Since most of the osmoprotectants that have been tested are accumulated in E. coli by the ProP or ProU system, we tested the influence of proP and proU mutations on the osmoprotective effect of ectoine. Various strains with different combinations of putPA, proP, and proU alleles were grown in M63 containing 0 or 0.7 M NaCl in the presence or absence of ectoine and glycine betaine. GM37 (proU), and WG203 (AputPA proP proU) were also tested; they showed the same growth patterns as the corresponding mutants in Fig. 3 .
As expected, the osmoprotective effect of glycine betaine was maximal in proP+ proU+ strains, somewhat less prominent in proP proU+ or proP+ proU strains, and absent in the proPproU strains. The osmoprotective effect of ectoine was identical to that of glycine betaine. The doubling time of MC4100 and putPA strains in the presence of ectoine was identical; from 7.5 h in 0.7 M NaCl medium forproP+ proU and proP proU+ strains, it decreased to 3 and 4.5 h, respectively. No growth protection was detected in proP proU mutants (Fig. 3) .
These results suggest that ectoine is a substrate for the ProP and ProU transport systems and that ProP seems to be the main transport system, since its absence results in a greater decrease in the osmoprotective effect.
Characteristics of ectoine transport. in which these transport systems were impaired. The uptake of radioactive glycine betaine, proline, and ectoine was measured by introducing competitors into the assay mixtures at 10-and 100-fold the 14C-osmoprotectant concentration.
In strain MC4100, the uptake of glycine betaine was reduced by the same extent by ectoine and proline (89 to 86% and 61 to 64%) when they were used at a 100-and 10-fold excess, respectively ( 3 . Growth restoration at high osmolarity by ectoine and glycine betaine in strains with mutations affecting proline uptake systems. Strains BK23 (putPA), BK32 (putPA proP), GM5O (proU), and MKH13 (putPA proPproU) were grown in M63 medium containing (El) 0 M NaCI, (A) 0.7 M NaCl, (0) 0.7 M NaCl and 1 mM ectoine, or (0) 0.7 M NaCl and 1 mM glycine betaine. a Bacteria were grown in M63 medium containing 0.3 M NaCl. Uptake assays were carried out as described in the text with [14Cjglycine betaine (100 ,uM), [14C]proline (300 ,M), and [14Clectoine (448 pM). Unlabeled competitors were added at the same concentration or in 10-, 20-, or 100-fold excess, as indicated.
b Results are given as the percent reduction of the control uptake rate, which was estimated in uptake experiments in the absence of competitor. The absolute rates of transport were 2.5, 0.75, and 0.69 nmol min-' mg of protein-' for glycine betaine in strains MC4100, GM50, and BK32, respectively; 2.2, 1.5, and 1.9 nmol min-' mg of protein-' for proline in strains MC4100, GM50, and BK32, respectively; 16.1, 6.7, and 5.6 nmol min-' mg of protein-' for ectoine in strains MC4100, GM50, and BK32, respectively. The results are the means of five independent experiments; the standard deviation was in all cases less than 4%. excess, respectively ( Table 2 ). In contrast, in the proP proU+ strain, their effect was reduced, reflecting their lower affinity than glycine betaine for ProU.
Uptake of [4C]proline was analyzed in the presence of unlabeled glycine betaine or ectoine in 10-or 100-fold excess. The two molecules had a strong inhibitory effect on all strains tested, the effect of glycine betaine being slightly greater than that of ectoine.
Uptake of ['4C]ectoine was reduced in the presence of proline or glycine betaine in 1-or 10-fold excess. The two competitors had a strong inhibitory effect on the wild-type and proP+ proU strains. Only glycine betaine had a significant effect on the proPproU+ strain when it was present at the same concentration as [14C]ectoine (100%), while proline decreased the rate of ectoine uptake by 69% when it was present in 10-fold excess.
These data are consistent with a hierarchy of osmoprotectant affinity for ProP and ProU. Glycine betaine had the higher affinity for both transport systems. Proline and ectoine are both able to compete for these transport systems, suggesting that they may have the same affinity for the two porters.
Uptake parameters of ectoine in E. coli. The kinetics of
[14C]ectoine (275 ,uCi mmol-1) uptake by osmotically induced and activated ProU and ProP systems were measured in various strains harboring different combinations ofputPA, proP, and proU alleles. No uptake was detected in cells defective in both proU and proP, such as strain MKH13 (AputPA AproP AproU).
Initial rates were calculated at 1, 2, and 4 min at substrate concentrations from 45 ,uM to 1.8 mM in strains MC4100, GM50 (proU), and BK32 (AputPA AproP).
When either ProU or ProP was functional, ectoine transport occurred, but the uptake in mutants lacking one transport system was different from the net uptake found in strain MC4100, with a Km of 200 ,uM and a Vm. of 12.9 nmol min-' mg of protein-1.
ProP-mediated transport was the major component of this net uptake; it has a rather low affinity for ectoine, with an apparent Km of 220 p,M, and a low velocity (6.6 nmol min'-mg of protein-1); it showed typical Michaelis-Menten characteristics up to 1 mM substrate and a low substrate inhibition above this concentration.
The kinetics of ectoine uptake by ProU were difficult to analyze due to substrate excess inhibition. The velocity increased almost linearly as the substrate concentration increased to 0.22 mM and then slowed as the substrate concentration increased further. The ProU system had an apparently low affinity for ectoine, with a Km estimated at 200 ,uM and a Vm. of 50.3 nmol min-' mg of protein-l, significantly higher than that found for ProP.
ProP had greater affinity and a lower rate of uptake than the ProU system. Our results are consistent with a predominant role of ProP in the initial uptake of ectoine; the uptake parameters of the wild-type strain are very similar to those of proU mutants. The proP mutation had a drastic effect on growth rate in media of high osmotic strength in the presence of ectoine or glycine betaine. Similarly, the ProP system represents the main route for glycine betaine uptake during the initial phase of adaptation to osmotic shock (6) .
Apart from glycine betaine and proline, the ProP and ProU systems were shown to be the transporters of a variety of osmoprotective molecules, such as taurine (32) and structural analogs of glycine betaine (37) , showing a large variation in the structural characteristics of their substrates. This broad range of substrates is linked with a hierarchy of osmoprotectant affinity for ProP and ProU. Glycine betaine has the highest affinity for the two transport systems; proline and ectoine are both able to compete for their uptake, suggesting that they have similar affinities for the two transporters. The Km values obtained for ectoine are similar to those published for proline (8) . The data for taurine uptake (32) are consistent with a very low affinity of this substrate for ProP and ProU, resulting in only slight restoration of growth to E. coli at high osmolarity.
Involvement of a periplasmic binding protein in ectoine uptake. ProU is able to transport ectoine but with low affinity, which puts in question the involvement of the periplasmic glycine betaine-binding protein encoded by proX. In order to resolve this, we tested ectoine uptake in strains with mutations in proX and lacking ProP to exclude transport via this system. Strains GJ201, GJ314, and CLG85, all proP proX mutants, were unable to transport glycine betaine, proline, and ectoine, whereas their parent strains, GJ183 and WG170, present uptake characteristics identical to those of BK32. Such results suggest that in spite of the relatively low affinity of ProU for ectoine, the product of proX is necessary for ectoine and proline uptake. The other components of ProU are also necessary for ectoine influx, since strains GJ203 (proPproW), GJ222 (proPproW), GJ229 (proP proV), and GJ316 (proP AproU) were unable to transport ectoine.
We tried to detect a binding protein for ectoine in unlabeled osmotic shock fluids of strain MC4100. toine or proline was bound to the precipitate, whereas a radioactive glycine betaine-protein complex was formed. We planned then to reverse [14C]glycine betaine binding by competition with unlabeled ectoine or proline in excess. Proline a-nd ectoine in 1,000-fold excess had no effect on glycine betaine binding. Only cold glycine betaine was able to compete with the fixation of the radioactive molecule (Fig.  4) .
Since a low-affinity binding of ectoine to periplasmic proteins could be reversed by ammonium sulfate precipitation, in a second approach, we used the equilibrium dialysis technique, based on the retention capacity of binding proteins. A linear exit of free radioactive ectoine or glycine betaine from a dialysis bag that contained only buffer was observed. With concentrated shock fluid from MC4100 cells grown at high osmolarity, the initial efflux rate of excess glycine betaine was followed by a slow dissociation of bound substrate, whereas ectoine or proline exit remained constant in the presence of periplasmic proteins (data not shown). Addition of unlabeled ectoine or proline (0.5 M final concentration), used as potential competitors in the dialysis bag, did not modify the release of [14C]glycine betaine (5 ,uM) . On the contrary, addition of unlabeled glycine betaine, as a control, resulted in rapid efflux of radioactivity from the dialysis bag (data not shown).
We also tried to detect ectoine, proline, and glycine betaine binding activity in periplasmic shock fluid by PAGE of the ligand-protein complex in nondenaturing conditions. As found previously, only a glycine betaine-binding protein was detected. Ectoine and proline always behave in the same way and lack any affinity for periplasmic proteins in vitro. Barron (10) reported that a mutation in the glycine betaine-binding protein structural gene proX alone abolishes osmoprotection by proline. The proU transcript extends beyond the 3' end of the region encoding proVWX, sequenced by Gowrishankar (20) . Since Faatz et al. (14) found a fourth gene in the proU region, additional downstream genes encoding functions not involved in glycine betaine uptake but necessary for proline and ectoine uptake could be located in this region.
All proX mutants that we tested carried proX-lac fusions that could have polar effects on the expression of distal genes in the proU operon. Dattananda and Gowrishankar (10) showed that the osmoprotective action of proline in proX-lac fusion mutants is restored by complementation with just proVWX, so all three protein components ofproU seem to be sufficient for active transport of proline and glycine betaine. In all our experiments, ectoine and proline uptake were inseparably linked, and therefore all mutations affecting proline also inactivate ectoine uptake. So, as for proline, the three components of proU are necessary and probably sufficient for ectoine uptake. GM50 (proU) or BK32 (proP) prior to unlabeled-molecule treatment, the rate of label efflux was similar to that for the MC4100 strain (data not shown). Such results suggest the existence of an efflux system for ectoine and glycine betaine independent of the ProU and ProP systems. The occurrence of such an efflux system for glycine betaine has been reported recently for Salmonella typhimurium (25 (37) . In these experiments, we showed that ectoine was also accumulated in E. coli cells. The present radiochemical assay revealed that ectoine accumulation in cells increased with increasing osmotic strength of the environment. The values obtained for glycine betaine content by this method were significantly greater than those reported by Perroud and Le Rudulier (37) but similar to those described by Larsen et al. (27) for E. coli wild-type strain K10 in transport experiments.
In wild-type MC4100 and in its proP derivative BK32, we note that the amount of ectoine is slightly higher than that of glycine betaine for all concentrations of NaCl over 0.3 M used (Table 3 ). In contrast, in GM50 (proU), the accumulation of glycine betaine is always slightly greater than that of ectoine. For the two osmoprotectants, the levels of accumulation are greater in wild-type or proP strains than in proU strains (Table 3) . Such data would be consistent with a main role of ProU in osmoprotectant accumulation, which contradicts the predominant activity of ProP in uptake experiments with shocked cells. ProP carrier activity is stimulated by hyperosmotic conditions; proP expression is only poorly induced by osmotic strength (6), but its response to sudden osmotic elevation is rapid. In contrast, proU expression is induced by a 100-to 1,000-fold and is poorly expressed at low osmolarity (3 
